Neurogenesis is the process by which new neurons are formed from differentiating neural progenitor cells in the brain (Götz & Huttner, 2005) . It is a process critical for neurodevelopment in utero, infancy and adolescence (Johnson, 2001) . Unlike most brain regions, the subgranular zone of the dentate gyrus within the hippocampus has a pool of neural progenitor cells that continue to show neurogenic activity throughout adulthood, across a number of species, including humans (Eriksson et al., 1998) . This gives rise to hippocampal neurons possessing uniquely plastic properties, including a reduced threshold for long term potentiation and the ability to form new synaptic connections within existing mature neuronal architecture (Eriksson et al., 1998) . Notably, levels of neurogenesis are affected by environmental factors (Lledo, Alonso, & Grubb, 2006) . In rodent studies, stress hormones, immuno-inflammatory activation, diet, exercise and medications have been reported to impact upon the rate of hippocampal neurogenesis; with subsequent effects on learning, memory and the regulation of mood (Murphy, Dias, & Thuret, 2014; Musaelyan et al., 2014; Potts & Lim, 2012; Praag et al., 2002; Schoenfeld & Gould, 2012; Strangl & Thuret, 2009 ).
Reductions in hippocampal volume are also found across a number of psychiatric disorders, most notably among major depressive disorder patients (Videbech & Ravnkilde, 2004) .
Studies have revealed that antidepressants increase hippocampal neurogenesis in non-human animal models, and more recently in human hippocampal progenitor cells (Anacker et al., 2011; Berton & Nestler, 2006) . Antidepressant-induced hippocampal neurogenesis (AHN) has been suggested as one important cellular mechanism contributing to an increase in hippocampal volume after long-term treatment (Malykhin, Carter, Seres, & Coupland, 2010 ). However, due to the inaccessible nature of hippocampal progenitor cells in patients, there has been no conclusive evidence directly supporting this relationship in humans. Furthermore, based on convincing non-human animal data, AHN has been implicated as a cellular mechanism governing antidepressant action (Santarelli et al., 2003) but this, to our knowledge, has yet to be demonstrated in humans.
Using a multidisciplinary approach accessing human hippocampal stem cells and leveraging large cohort datasets, the current study attempted to extend our understanding in the field by addressing two aims. First, we aimed to characterize genome-wide expression networks activated during early AHN in human cells treated with the selective serotonin reuptake inhibitor (SSRI), escitalopram. Secondly, based on our expression results we aimed to identify a gene set associated with AHN. We then tested whether this gene set showed associative enrichment within genome-wide association studies relating to: (i) hippocampal volume, and (ii) antidepressant response. A significant enrichment would suggest that AHN was activating pathways relevant to each phenotype, and may represent the cellular mechanism contributing to each phenotype.
| METHODS

| The hippocampal progenitor cell line
The multipotent, human hippocampal progenitor cell line HPC0A07/ 03C (provided by ReNeuron, Surrey, UK) was used for all experiments, as described previously (Anacker et al., 2011 ). ReNeuron's HPC0A07/ 03C cells were obtained from a 12-week-old fetus and immortalized with c-mycER technology. In the presence of growth factors (FGF2 and EGF) and 4-OHT, progenitors cells will proliferate indefinitely.
Removal of these growth factors induces differentiation of cells into hippocampal neurons, astrocytes, and oligodendrocytes, but not into other cell types outside of the brain. Cells were grown in Dulbecco's Modified Eagle's Media/F12 (DMEM:F12, Invitrogen, Paisley, UK) supplemented with 0.03% human albumin (Baxter Healthcare, Compton, UK), 100 μg/ml human apo-transferrin (Sigma, St-Louis, MO), 16.2 μg/ml human putrescine DiHCl (Sigma), 5 μg/ml human insulin (Sigma), 60 ng/ml progesterone (Sigma), 2 mM L-glutamine (Sigma) and 40 ng/ml sodium selenite (Sigma). To maintain proliferation, 10 ng/ml human bFGF (Pepro Tech EC Ltd, London, UK), 20 ng/ml human EGF (Pepro Tech EC Ltd.) and 100 nM 4-OHT (Sigma) were added in proliferating media and removed in differentiating media. The cell line underwent routine checking for mycoplasma contamination every 6 weeks. All cells were grown at 37°C, 5% CO 2 , and in a humidified atmosphere. Within these sets of experiments each "biological replicate" represents a subculture of cells obtained from a different passage.
| Drug dose
The active metabolite of the SSRI escitalopram, (S)-citalopram, has a therapeutic window of between 50 and 130 ng/ml (Kumar, Kung, & Shinozaki, 2014) , which corresponds to doses of between 120 and 313 nM in vitro. Subsequently, cells were treated with a range of doses, incorporating this therapeutically-relevant window. Drug doses were achieved by dissolving escitalopram oxalate (Sigma) in molecular grade ethanol (Sigma) to form a 10 mM stock solution. Drug doses (145 nM, 290 nM, and 1160 nM) were then formed by dilution of the stock with media; with the relative proportion of ethanol kept constant across all dose groups including a vehicle control (0 nM).
| Culture protocol
Our cell culture protocol was adapted from one described previously, in which hippocampal neurogenesis was observed when cells were treated with an SSRI during both the proliferative growth stage and during the cell differentiation stage (Anacker et al., 2011) . However, we shortened this protocol from a 10-day drug treatment protocol to 9 days, in order to capture very early changes in neurogenesis. 
| Immunocytochemistry
For Immunocytochemistry experiments, three biological replicates and three technical replicates were utilized for each staining condition, n = 12 in total per staining condition; which is comparable to other studies identifying moderate to large effect sizes using this cell line (Anacker et al., 2011) . The primary outcome measures of interest were changes to Doublecortin (Dcx) staining, that is, the differentiation of progenitor cells into to neuroblasts, and Map-2, that is, a marker for more mature neurons. However, we also assessed other markers assaying proliferation, using BrdU and Ki67 staining; changes to gliogenesis using S100β staining; and cell death, using cleaved caspase-3 (CC3) staining. For more details, see S1 and S2.
| Transcriptomics
RNA from cell experiments was isolated using Trireagent (Sigma) following the standard protocol, with an additional ethanol precipitation step to increase RNA purity. For gene expression experiments we utilized six biological replicates at four drug doses (n = 24 total). RNA samples were processed on Illumina Human HT-12 v4 Expression BeadChip (Illumina Inc., San Diego, CA) according to manufacturer's protocol. For more details, see S3. 
| Transcriptomic experiments
Probes were normalized using a systematic approach incorporating the Lumi package (Du, Kibbe, & Lin, 2008) and analyzed using R (www. r-project.org). Probes were filtered to remove lowly detected probes and to investigate only the 7,500 most variable probes, see Supplementary Materials. For transcriptomic studies we focused on the dose-dependent effects of drugs on gene expression only. A linear regression was performed, where probe expression was selected as the dependent variable, dose as the independent variable, and batch and biological replicate included as factors. A total sample number of 24 provided 80% power to detect a 1.5 fold change in expression as part of a two-tailed t-test at a level of significance corrected for multiple comparisons (p corr = 0.05/7500 = P ≤ 6.6E-6), with an estimated standard deviation of 0.5. For more details, see S4.
| Gene network analysis
To understand which biological mechanisms may be affected by drug dose, in a hypothesis-free manner, we used Webgestalt (bioinfo. 
| Genetic pathway analysis
We identified a gene set by selecting all genes showing nominally significant expression changes (P ≤ 0.05) in our data set, and we tested if our gene set was enriched for associative signal with two phenotypes: (i) hippocampal volume in adults; (ii) antidepressant response. We achieved this using the pathway analysis tool, MAGMA (Leeuw, Mooij, Heskes, & Posthuma, 2015) , with a 35 kb 5′ and 10 kb 3′ window around genes and the results from two large genome-wide association studies (GWAS). There were genome-wide summary statistic data from the ENIGMA Consortium, which performed a metaanalysis identifying the genetic predictors of hippocampal volume in a total of 30,717 subjects (http://enigma.ini.usc.edu) (Hibar et al., 2015) and results from the NEWMEDS project, which has investigated genetic predictors of antidepressant response (Tansey et al., 2012) .
Within NEWMEDS we utilize the GWAS results specifically relating to SSRIs, which is derived from a total of 1,222 major depressive disorder patients (Tansey et al., 2012) . Antidepressant response was defined as an adjusted continuous measure capturing change in depression severity after taking an SSRI for a number of weeks (see Tansey et al. (2012) , for more details).
MAGMA tests for gene set enrichment by first generating a genewide statistic from the GWAS results files, adjusting for gene size, SNP density and linkage disequilibrium effects (Leeuw et al., 2015) .
MAGMA then performs a competitive test of gene set association to investigate if associative enrichment within a user-defined gene set,
outperforms other gene sets from across the genome of similar size (Leeuw et al., 2015) . Due to the stringent nature of the competitive test within MAGMA, the fact that the two phenotypes under investigation relate to two separate biological questions, and the fact the genome-wide datasets consist of vastly different sample sizes, we considered a P-value threshold of P ≤ 0.05 as significant. corrected P = 0.024). There were no other significant changes (P > 0.05).
| Effects of escitalopram on other cell markers
BrdU and Ki67 were used to assess changes in proliferation. Our staining also revealed significant increases in BrdU staining in cells (independent of dose) treated with escitalopram (F = 9.358, d.f. = 1, P = 0.018), but this effect was not significant after multiple testing correction (4 tests; corrected P > 0.05). S100β was used to assess gliogenesis. We found increases in S100β in cells treated with escitalopram, independent of dose (F = 28.813, d.f. = 1, P = 0.001), which remained significant after multiple testing correction (2 tests; corrected P = 0.002).
CC3 staining confirmed that the drug/drug doses were not inducing cell death (uncorrected P > 0.05). See Supplementary Information for more details.
| Transcriptomics
Our results revealed one genome-wide significant expression change in the Nucleolar protein 6 (NOL6) gene (Probe: ILMN_7349, t = 6.485, S.E. = 3.376e-05, P = 5.600e-06), which showed a dose-dependent increase in expression, see S8.
| Gene ontology and KEGG pathway analysis
545 probes were nominally associated with drug dose (P < 0.05) and were input into Webgestalt. There were a total of 13 Bonferonni corrected GO terms associated with drug dose, see Table 1 . Results from KEGG pathway analysis identified an enrichment in the "Ribosome biogenesis in eukaryotes" pathway (Enrichment Ratio = 5.28; Corrected P = 0.0045; Figure 2 ).
| AHN gene set and its relationship to hippocampal volume and antidepressant response
545 probes were nominally associated with drug dose (P < 0.05) and MAGMA tested for enrichment of this gene set within GWAS datasets.
In our first analysis, we found a nominally significant enrichment of our AHN gene set in GWAS results relating to hippocampal volume (competitive P = 0.031). However, the AHN gene set did not show a significant enrichment within the antidepressant response GWAS data (competitive P = 0.464). Our immunocytochemistry data are also complemented by our corresponding gene expression data, which revealed "Axon" and "Microtubule" as two significant GO terms with the highest enrichment ratios, Table 1 . Within these networks, the transcripts of gammaaminobutyric acid B receptor, 1 (GABBR1) and Microtubule-associated protein 1B (MAP1B) act as hub genes, suggesting they may represent important drug targets, Figure 2 . Indeed, the reduction in GABBR1 expression found in our study is corroborated by other reports showing that a reduction in GABA receptor binding stimulates neurogenesis (Giachino et al., 2014) . In contrast, MAP1B shows an increase in expression in response to escitalopram dose. MAP1B is a protein involved in microtubule assembly; a process essential for mediating neurogenesis (Beermann & Shea, 1994) .
The KEGG pathway analysis revealed that "Ribosome biogenesis in eukaryotes" was also an enriched pathway, and features Nucleolar protein 6 (NOL6) as a hub gene; the transcript most significantly affected by escitalopram dose, showing a dose-dependent increase in expression, Figure 2 . Ribosomal biogenesis involves the synthesis of the machinery involved in polypeptide formation, and subsequently determines the translational capacity of a cell (Bernstein, Gallagher, Mitchell, Granneman, & Baserga, 2004) . Our findings corroborate previous studies implicating increases in ribosomal biogenesis in cells undergoing increases in proliferation, neurite formation and synaptogenesis (Hsieh, 2012) .
In our hypothesis-driven genetic pathway analysis, we found that our AHN gene set was nominally enriched for genes predicting hippocampal volume in adults. This suggest that increases in hippocampal volume observed after long-term antidepressant treatment are likely mediated through the activation of neurogenic pathways, as opposed to solely a reduction in neuronal cell death. However, our AHN gene set was not enriched for genes predictive of antidepressant response, suggesting that in contrast to non-human animal findings (Santarelli et al., 2003) , AHN may not be the cellular mechanism governing therapeutic response to SSRIs in humans. There are, however, a number of alternative interpretations to this finding.
For example, rather than a direct causal link between AHN and antidepressant response, AHN might simply facilitate therapeutic response through increasing "plasticity" allowing social support networks and positive, enriching environmental factors to have an enduring effect on the brain and mood of patients (Spalding et al., 2013) . Indeed, non-human studies have shown that enriched environments (e.g., increases in running) can moderate hippocampal neurogenesis and evoke antidepressant effects (Spalding et al., 2013; van Praag, Kempermann, & Gage, 1999 We would also like to acknowledge the work of the ENIGMA consortium; we used genome-wide summary statistics from ENIGMA in order to perform genetic pathway analysis. Price has received consultancy fees from the ReNeuron Group. Breen has received research funding and has acted as a consultant for Eli Lilly. All other authors have declared that no competing interests exist.
